Background: Over the past two decades, there have been increasingly long waiting times for heart transplantation. We studied the relationship between heart transplant waiting time and transplant failure (removal from the waitlist, pretransplant death, or death or graft failure within 1 year) to determine the risk that conservative donor heart acceptance practices confer in terms of increasing the risk of failure among patients awaiting transplantation. Methods: We studied a cohort of 28,283 adults registered on the United network for Organ Sharing heart transplant waiting list between 2000 and 2010. We used Kaplan-Meier methods with inverse probability censoring weights to examine the risk of transplant failure accumulated over time spent on the waiting list (pretransplant). in addition, we used transplant candidate blood type as an instrumental variable to assess the risk of transplant failure associated with increased wait time. Results: Our results show that those who wait longer for a transplant have greater odds of transplant failure. While on the waitlist, the greatest risk of failure is during the first 60 days. Doubling the amount of time on the waiting list was associated with a 10% (1.01, 1.20) increase in the odds of failure within 1 year after transplantation. Conclusions: Our findings suggest a relationship between time spent on the waiting list and transplant failure, thereby supporting research aimed at defining adequate donor heart quality and acceptance standards for heart transplantation.
H eart transplantation remains the only curative therapy for a growing number of patients with end-stage heart disease. 1 Unfortunately, only 2,500 heart transplants are performed annually in the US, 2 in large part due to a severe shortage of donor organs. Over the past two decades, use of available hearts for transplantation has decreased substantially, from a high of 38% in 2000 to 32% in 2010, with a nadir of 29% in 2006. 3 there are several potential explanations for the decline in donor heart use, including the increased availability and use of mechanical circulatory support (such left ventricular assist devices) as an alternative to heart transplantation. 4 there is also potential risk aversion, as transplant centers are primarily judged on short-term outcomes, and hearts with undesirable features such as older donor age or echocardiographic abnormalities are often turned down for concern that their use may result in adverse recipient outcomes. 5, 6 the goal of this is analysis is to understand the impact of increased waiting time on a patient's risk of transplant failure. there are many challenges in using observational data to assess the relationship between waiting time and transplant failure: sicker patients may die sooner; "pickier" physicians may wait for better hearts for their patients; or healthier patients may be perceived as able to wait longer. to account for these concerns, we used a mixed methods approach to study the relationship between heart transplant waiting time and transplant failure to determine the risk associated with increasing the amount of time spent waiting to receive a transplant.
METHODS

Data
Cohort this study used adult heart transplant waiting list and post-transplant survival data obtained from the United network for Organ Sharing (UnOS). the UnOS heart transplant registry contains data regarding every organ donation and transplant occurring in the US since 1986. Heart transplant candidate data are submitted by the transplant center to UnOS at the time of listing, and are updated at the time of transplantation. after transplantation, centers are required to submit data to UnOS at 1-year post-transplant, and annually thereafter. 7 all individuals between 18 and 70 years old who were placed on the heart transplant waiting list from January 1, 2000 to December 31, 2010 were available for analysis. Follow-up extended through December 31, 2011, providing a minimum of 1 year of potential follow-up. Patients who received multiorgan transplants or who were listed as "inactive" were excluded. "inactive" is the designation for patients who are temporarily removed from the heart transplant waiting list due to health conditions or personal circumstances.
Detailed information on a subset of the heart transplant donors in this cohort were obtained from the Donor network West (DnW) and were used for testing certain analytic assumptions. the DnW database is a research database created by the study investigators in collaboration with colleagues at DnW-an organ procurement organization based in northern california. the database, described elsewhere, 8 contains detailed data on demographic variables, cause of death, health-related behaviors, and past medical history collected on 2,048 consecutive donors managed by DnW from 2001 to 2008. all data were collected via manual review of the donor medical records. the UnOS and DnW databases were linked using the UnOS iD number, a unique identifier assigned to each potential organ donor in the United States.
this study was approved by DnW and by the Stanford University institutional review Board.
Outcomes
Our primary goal was to assess failure of the transplant process. We considered outcomes during two different time periods: pre-and post-transplant. For the pretransplant period, UnOS provides waitlist removal codes for all heart transplant candidates on the waiting list, as well as the date of death, when applicable. We defined pretransplant failure as removal from the heart transplant waiting list for worsening medical condition or death. We combined worsening medical condition with death, since removal for this reason is an indication that a patient is too sick to receive a transplant, and therefore represents failure of the transplant process. For the posttransplant period, UnOS provides annual follow-up data for all heart transplant recipients, as well as the date of death or graft failure, when applicable. Similarly, we considered graft failure or death as post-transplant failures.
Exposure of Interest
the exposure of interest was time (in days) on the heart transplant waiting list. this was calculated from the date of listing to the date of removal from the waiting list. in an experimental study, we would be able to randomly assign patients to different waiting times (or strategies) and observe the relationship with transplant failure. With observational data, this is not possible and we can only analyze the observed waiting time.
Use of Blood Type
as others have noted, patient blood type can serve as a natural randomizer for time to receive a transplant, 9 making it well suited to serve as an instrumental variable (iV). there are three primary assumptions for an iV approach to be appropriate 10 : these are (1) the iV (blood type) is associated with the treatment of interest (time on wait list), (2) the iV is not related to any measured and unmeasured confounders, and (3) and the iV is related to the outcome only through the treatment.
Heart transplants are allocated according to blood type (aBO identical or compatible), 11 such that type aB patients can receive a donor heart of any blood type. given this matching criterion, type O candidates will typically wait longer to receive a suitable heart than candidates of other blood types (assumption 1). [12] [13] [14] [15] However, there is no biological reason to suspect that candidates with different blood types will be more or less likely to die on the waitlist or have different transplant outcomes (assumption 3). a concern is that blood type will differ by race (potential violation of assumption 2) or patients with type O blood may receive lower quality hearts (potential violation of assumption 3). We addressed these potential violations analytically.
Additional Covariates
We abstracted covariates available at the time of placement on the waitlist. these included age, sex, race (White, Black, asian, Hispanic, Other), insurance payor, wait list priority status, body mass index, diabetes and use of extracorporeal membrane oxygenation, left ventricular assist device, and mechanical ventilation. time on the wait list will differ based on one's initial listing status. at the time of listing, patients are placed into one of three priority categories based on their clinical acuity (1a-highest, 1B-intermediate, and 2-lowest priority). to assess whether effects differed based on priority status, we stratified all analyses based on initial listing status.
Analytic Framework
Our primary interest was to understand the impact of time spent waiting for a transplant on mortality or transplant failure. to do so, we first assessed whether patients who are "randomly" assigned to wait longer for a transplant have worse outcomes. next, to further understand the role of waiting time, we considered that patients could fail either before receiving or after receiving a transplant. as such, we considered two distinct analytic periods: pre-and post-transplant, and assessed the impact of time spent waiting on failure during each of these periods.
Overall Analysis
to establish the relationship between wait time and transplant failure, we used patients' blood type as a randomizer. We estimated the cause-specific hazard ratio for time to transplant based on blood type. Since we were interested in the observed rate of transplantation, this hazard is more appropriate than the alternative subdistribution hazard-the alternative hazard in the presence of competing events. 16, 17 We next regressed the probability of being alive at 1 year after listing onto blood type. We used both failure during the pre-and posttransplant periods to define the overall outcome. this is an analysis of the natural experiment. While this does not provide an estimate of a causal parameter, under the iV assumptions it establishes the relationship between the exposure (waiting time) and outcome (survival).
Pre-transplant analysis
after establishing the impact of waiting time, we estimated the cumulative risk of failure over time spent waiting. to do so, we estimated the Kaplan-Meier curve for time to failure while on the waitlist. the Kaplan-Meier estimate provides a nonparametric function for the change in probability of failure over time, i.e., a function of spending time on the waitlist. One challenge in estimating the Kaplan-Meier curve is that those who are transplanted are informatively censored, leading to a biased estimate. therefore, we estimated the Kaplan-Meier curve with inverse probability censoring weights. 18 Specifically, we used a cox proportional hazards model to calculate transplant (censoring) probabilities over time, adjusting for the baseline clinical covariates. For computational purposes, we coarsened time into 7-day increments. We used these survival probabilities to calculate stabilized inverse probability censoring weights. We then used these weights to estimate the Kaplan-Meier function.
Post-transplant Analysis
to assess the impact of time spent waiting on posttransplant outcomes, we studied the patients who received a transplant and regressed the probability of not having a failure by 1-year post-transplant onto time spent waiting. One challenge in such an analysis is the potential for unmeasured confounding. Specifically, it is possible that patients with "pickier" or more selective physicians spend more time on the waitlist. the UnOS data does not have high quality data on donor heart characteristics or function (while the DnW database described above does). therefore, we utilized patient blood type as an iV. Since the analysis is conditional on being transplanted, one way to interpret the iV estimate is as the increased odds of failure of two people about to receive a transplant, with one person having spent more time than the other on the waitlist. Patients with aB blood type will have a short-listing strategy, those with O blood type will have a long-listing strategy, and those with a or B blood type will have an intermediate-listing strategy (see eFigure 2; http://links.lww.com/eDe/B32).
We used a two-stage residual inclusion model to estimate the association between waiting time and the odds of death. 19, 20 this model has been shown to be more appropriate than the more typical two-stage least squares model when dealing with binary data. Due to the skewness of waitlist time, we log-transformed waitlist time to log 2 . therefore, for the post-transplant analysis, the point estimate represents the effect of doubling waiting time (e.g., 10 days to 20 days) on the odds of transplant failure. in the first stage, we regressed the exposure of interest (log time on waiting list) on the iV (blood type) and any other measured confounders (e.g., race). in the second stage, we regressed the logit of the probability of the outcome (graft failure or death) onto the residual values from the first stage and the confounders. Finally, 1,000 bootstraps were performed to obtain proper standard errors.
Sensitivity Analysis
We performed several sensitivity analyses. First, we restricted the analysis to July 2006 onwards, when the national cardiac allocation system was changed to direct more donor hearts to status 1a and 1B candidates via broader regional sharing. Use of ventricular assist devices also became increasingly common during this period. in addition, we considered two sources of residual bias. the first is race, since frequency of blood type can differ by racial group and different racial groups may experience differential post-transplant outcomes. 21 While all models were adjusted for race, we also performed the two-stage residual inclusion analyses stratified by race as a sensitivity analysis. the second potential source of bias involves physicians waiting for a "more desirable" heart for blood type aB candidates, knowing that these candidates will, in general, receive more organ offers. We used the DnW database to examine whether differences exist in heart transplant donor characteristics between recipients of different blood types. Finally, to assess the impact of the iV analysis, we estimated a comparable logistic regression model using waiting time as the predictor variable of interest and controlling for the same covariates.
Statistical analyses were performed using r (version 3.01). 22 
RESULTS
From January 1, 2000 to December 31, 2010, 29,654 patients between 18 and 70 years old were placed on the heart transplant waiting list. Of these, 789 were excluded from analysis for being listed with an "inactive" status (e.g., active infection or pending additional testing), four for having a transplant date before their wait list date, and 578 for being recipients of multiorgan transplants, resulting in a final cohort of 28,283 participants. table 1 summarizes patient demographics. By December 31, 2011, 18,807 (66%) patients received a transplant, 4,743 (17%) died while on the waitlist or were removed for medical reasons, 3,024 (11%) were still active on the waitlist and 1,709 (6%) saw their condition improve. the only variable with missing data was BMi (n = 299, 1%). For simplicity, we performed a single mean imputation of BMi for all analyses.
Natural Experiment
People with type O blood spent approximately five times longer on the waiting list than those with blood type aB (table 1) . after adjustment, patients with type aB blood had a cause-specific hazard ratio for transplantation of 2.88 (2.69, 3.08) compared with type O patients, and patients with blood types a and B had Hrs of 1.63 (1.58, 1.68) and 1.70 (1.62, 1.78), respectively (Figure 1 ). We next assessed overall survival at 1 year (table 2), regardless of transplant status. among status 1a patients (the sickest patients), type O patients had the greatest odds of being dead at 1 year while type aB patients had the lowest. there was no observed effect among status 2 (lowest priority) patients.
Failure on the Waitlist
after suggesting that those who spend more time on the waitlist (type O patients) have greater odds of being dead after 1 year, we decomposed the effect of waiting time into the preand post-transplant periods. Figure 2 shows inverse probability censoring weights adjusted Kaplan-Meier curves for death on the waitlist, stratified on candidate listing status, during the first year after listing. not surprisingly, the survival probability differs based on initial status with status 2 patients having a 35% greater survival probability than status 1a patients (84% vs. 48%). the greatest decline in survival for both status 1a and 1B patients is during the first 60 days after listing. this corresponds well with time on the waitlist with status 1a, 1B, and 2 patients having median waiting times of 27, 71, and 252 days, respectively.
Failure after Transplantation
to assess the effect of waiting time on death after transplantation, we returned to our "natural experiment," using blood type as an iV. the first assumption in an iV analysis is that the instrument is related to the exposure (time on the waiting list), which we established above. the second assumption is that patient characteristics do not differ based on levels of the instrument. Patient characteristics stratified on blood type are shown in table 1. Blood type did not meaningfully differ across clinical characteristics, with the expected exception of race.
it is possible that if physicians expect type O candidates to wait longer to receive a transplant, less sick patients will be listed at a higher status in an effort to "move them up the list." Such a scenario would be a violation of the iV assumptions. We compared the clinical characteristics of patients at time of listing stratified on blood type and listing status (eFigure 1; http://links.lww.com/eDe/B31). there was no indication that blood type O patients were less sick than blood type aB patients, with similar rates of use of mechanical ventilation and mechanical circulatory support.
the third assumption is that the observed relationship between the blood type and death is only though time spent on the waitlist. this assumption is not directly testable but can be further examined. For example, it is possible that patients with type aB blood may receive "higher quality" hearts because their doctors perceive that they can afford to turn down less desirable hearts. examination of a subset of 779 recipients on whom we obtained data on detailed donor characteristics from DnW suggested that this was not the case (etable 1; http://links.lww.com/eDe/B33). a comparison of donor characteristics related to heart acceptance did not show differences between recipients of different blood types.
We assessed the impact of time spent waiting on posttransplant survival among the 18,807 patients who received a heart transplant. We used two-stage residual inclusion analyses to estimate the increased risk conferred on those who spend more time on the heart transplant waitlist, both at 30 days and 1 year after transplantation. We detected a slight effect on survival after heart transplantation based on the length of time spent waiting (table 3) . the results were consistent across the status categories, suggesting an overall 10% increase in the odds of death for every doubling of the time spent waiting. the results were similar for both 30-day and 1-year outcomes. the naïve logistic regression analysis suggested no relationship between waiting time and transplant failure.
Sensitivity Analyses
We first limited the study cohort to patients placed on the waitlist after July 2006 (n = 6,183; etable 2a; http://links.lww. com/eDe/B33). the adverse effect of spending additional time waiting for a transplant on the risk of death was more pronounced in these later years; however, due to the smaller sample size, the results were not statistically significant. Second, we stratified the analyses by race; only the results for Whites and Blacks are shown, due to smaller sample sizes (etable 2b; http://links.lww.com/eDe/B33). this analysis suggests minimal racial heterogeneity. Finally, we stratified the analyses by sex, since sex-based differences in cardiovascular disease are being increasingly recognized. there was a suggestion that the post-transplant effect was stronger in men than in women (etable 2c; http://links.lww.com/eDe/B33).
DISCUSSION
Our findings characterize the relationship between time spent waiting for a heart transplant and risk of transplant failure, either during the pre-or post-transplant periods. Overall, among the sickest patients (status 1a), those who receive a heart sooner have a greater odds of success after 1 year. the mortality rate among candidates awaiting transplantation is highest during the first 60 days after listing. among transplanted patients, those who spent double the amount of time on the waitlist had a 10% increase in the odds of transplant failure. Our results were robust when the analyses were stratified by transplant era as well as candidate race and sex.
this study highlights the challenges of analyzing observational data. in assessing the relationship between waiting time and transplant failure, there is high potential for confounding and circularity. We used a mixed methods approach for our analyses. We first used blood type as a natural randomizer to establish that those who wait longer for a transplant have worse post-transplant outcomes. to further understand that relationship, we partitioned time into pre-and post-transplant periods. We assessed waitlist failure by analyzing the KM curve with an iPcW estimator to account for informative censoring (due to transplantation). Finally, to determine whether patients who had to wait longer for their transplant had worse outcomes, we used blood type in an iV analysis. Since this analysis is conditional on transplantation, there is not a direct causal (manipulable) interpretation. instead the observed association informs the difference between patients Over the past decade, the steady decline in use of available donor hearts, combined with an increase in new candidates listed, has resulted in increased time spent waiting for transplantation. During this time, adoption of increasingly conservative practices has reduced the proportion of donor hearts accepted for transplantation. in a prior analysis of the UnOS heart transplant registry, our group showed that the percentage of hearts accepted for transplantation from donors over 50 years old, female donors, and donors who died of cerebrovascular causes (e.g., stroke) decreased significantly between 1995 and 2010, reflecting increasing risk aversion in the heart transplant community. 3 However, this decrease in the use of donor hearts with one or more "high risk" features did not result in substantially improved transplant outcomes. in fact, many previous studies have demonstrated a lack of association between donor characteristics and recipient outcomes after heart transplantation 8, 12, [23] [24] [25] with several notable exceptions, including older donor age, especially in the setting of a prolonged ischemic time. 6 Our analytic approach had several inherent strengths, including large sample size (>28,000 patients) from a well-defined population that includes almost all patients in need of a heart transplant in the United States over a 10-year period. We were able to assess the suitability of the iV via a detailed donor research database on a subset of the sample; this enabled us to compare donor characteristics between recipients of different blood types to determine whether donor heart quality may influence post-transplant outcomes for patients of different blood types. One interesting finding was that the results obtained from the iV and logistic regression analyses were very similar, suggesting that strong biases may not be present in this case.
there are potential limitations of our analyses. in estimating the inverse probability censoring weights, we were only able to use baseline patient information. therefore, if a patient's clinical acuity changed substantially after listing, the censoring weights may be incorrect. Moreover, the nature of the analysis only allows us to observe waitlist survival. an ideal analysis-not possible with the present data-would be to assess waitlist strategies, i.e., compare physicians who were more or less aggressive about listing their patients for transplantation and/or accepting marginal donor hearts. the post-transplant analysis approximates such a design, but since the analysis is conditional on being transplanted it is not a true causal analysis. it is possible that clinicians are aware of the differential waiting times and are either moving type O patients into a higher priority status or are more aggressive in transplanting type O patients, introducing unmeasured confounding. While a concern, the data does suggest that type aB patients of the same priority status are just as sick as type O patients and that all patients receive hearts of similar quality.
an important consideration is how to interpret these findings from a public health context. the results suggest that waiting to receive a heart has a detrimental impact on overall survival. However, this analysis does not assess the impact of being "picky" (i.e., waiting for a better heart). in fact, the iV analysis is meant to remove the impact of such confounding. therefore, this analysis only attempts to answer half of the question: namely, what is the impact of waiting? it does not attempt to evaluate the impact of getting a "better" heart. One way of interpreting the iV analysis is given two people who match to a single heart, if one of them spent 30 days on the waitlist and the other spent 60 days, who would we expect to live longer with the heart? this question is likely more salient to transplant centers than to individual patients, since centers are judged on 1-year outcomes after transplantation. Ultimately, this study suggests that the benefits that being "picky" must beget to overcome the detriments of spending more time on the waitlist. However, as discussed, previous study has suggested that donor heart quality has a minimal impact on overall post-transplant survival, making this question worthy of fuller consideration, ideally in a prospective fashion.
in conclusion, we have demonstrated a positive relationship between time spent on the waiting list and mortality in heart transplant candidates. this finding is relevant in the face of a national donor shortage and conservative donor heart acceptance practices, which in combination result in increasingly long waiting times for heart transplantation. Studies such as this underscore the need for research efforts aimed at defining adequate donor heart quality and acceptance standards for heart transplantation.
